We established an in vitro hypoxia model and investigated the protective effect of basic fibroblast growth factor (bFGF) against neuronal cell death caused by hypoxia. Hippocampal neurons obtained from rats on embryonic day (E) 17 and 20 and on postnatal day (P) 4 were cultured for �24 h in an oxygen-deprived state. This in vitro hypoxia study showed that the cultured neu rons were sensitive to the oxygen deprivation. The culPrevious studies have demonstrated that basic fi broblast growth factor (bFGF) has a survival effect on cultured neurons from various CNS regions (Walicke, 1988). In addition, it has been suggested that in rat brain in vivo, bFGF prevents thalamic degeneration after cortical infarction (Yamada et aI., 1991) and bFGF immunoreactivity in hippocam pus increases after global forebrain infarction (Kiy ota et aI., 1991). Neuronal cell death in the brain results from a great many pathological events when ischemia attacks. The mechanism of brain cell death caused by ischemia remains unknown. We made, in the present study, an in vitro hypoxia model to simplify the fluctuating factors in ischemia and investigated the effect of bFGF on cells that would be fated to die following oxygen deprivation in culture.
Previous studies have demonstrated that basic fi broblast growth factor (bFGF) has a survival effect on cultured neurons from various CNS regions (Walicke, 1988) . In addition, it has been suggested that in rat brain in vivo, bFGF prevents thalamic degeneration after cortical infarction (Yamada et aI., 1991) and bFGF immunoreactivity in hippocam pus increases after global forebrain infarction (Kiy ota et aI., 1991) . Neuronal cell death in the brain results from a great many pathological events when ischemia attacks. The mechanism of brain cell death caused by ischemia remains unknown. We made, in the present study, an in vitro hypoxia model to simplify the fluctuating factors in ischemia and investigated the effect of bFGF on cells that would be fated to die following oxygen deprivation in culture.
tured P4 rat hippocampal neurons seemed to be weaker in the hypoxia condition than those of E 17 and E20 rats, suggesting that the cultured postnatal cells might be sen sitive to hypoxia. bFGF, but not nerve growth factor, prevented the neuronal cell death caused by hypoxia in a dose-dependent manner. Key Words: Hippocampus Neocortex-Nerve growth factor-Neurotrophic fac tor-Septum.
METHODS

Cell cultures
The hippocampal regions were dissected from embry onic day (E) 17 and 20 and postnatal day (P) 4 rats (Wistar ST, both sexes; Sankyo, Shizuoka), and cell culture was carried out as described previously (Hatanaka and Tsukui, 1986; Hatanaka et aI., 1988) . The dissociated cells were plated in a serum-containing medium at a den sity of 4 x 105 cells/cm 2 on a polyethyleneimine-coated surface in 24-well plates. After 1 day of culture, the me dium was changed to a transferrin, insulin and progester one-containing serum-free DF (TIPIDF) medium contain ing 5 fLg/ml human transferrin (Sigma), 5 fLg/ml bovine insulin (Colab. Res.), and 20 nM progesterone instead of serum. Cytosine arabinoside (AraC; Sigma) was added to the TIP/DF medium at a concentration of 5 fLM.
In vitro hypoxia procedure
After 2-day culture using TIP/DF medium containing AraC, a change to TIP/DF medium without AraC was made. After the addition of recombinant human bFGF (kindly provided by Takeda Pharmaceutical Co.), the plates were immediately put into a Tedlar bag (Dupont) with Anaeropack (Mitsubishi Gas Chemical). Anaero pack can rapidly replace oxygen gas quantitatively with carbon dioxide gas. After continuous ventilation with 100% nitrogen gas for 5 min, the Tedlar bag was sealed hermetically. Then, the bag was incubated at 37°C for 6, 12, or 24 h. After the bag was unsealed, the plates were placed in a CO 2 incubator and cultured for 2 more days.
Viable cell counting and immunohistochemistry
To detach the cells from the surface of the plate, 0.5 ml of TIP/DF medium and 0.5 ml of Ca 2 + IMg 2 + -free phos phate-buffered saline containing 0.1 % trypsin (Difco) were added. After lO-min incubation in a CO 2 incubator at 37°C, 0.5 ml of horse serum was added, and the cells were gently pipetted. After centrifugation, the viable cells in the sediment were counted in a hemocytometer using exclusion of nigrosin as the criterion for viability. To dis tinguish between cultured neurons and glial cells, immu nostaining with a polyclonal anti-microtubule-associated protein 2 (anti-MAP2) antibody (kindly donated by Drs. M. Niinobe and K. Mikoshiba) (Niinobe et a!. , 1988) or a monoclonal anti-glial fibrillary acidic protein (anti OF AP) antibody (Amersham) was performed after cul ture.
RESULTS
In vitro hypoxia model using cultured CNS neurons Figure IA shows the time-dependent changes in pH, HC03 -concentration, and O2 and CO2 tension in the medium. Measurement was started immedi ately after the Tedlar bag was sealed, with the sub stitution of nitrogen gas for air. The pH of the me dium increased from 7.34 to 7.53 immediately after exposure to nitrogen gas and gradually decreased to � 7.1 a few hours after the bag was sealed. The pH remained around 7.1 for the rest of the 24 h of ox- Hypoxia (h) ygen deprivation. The concentration of HC03 -in the medium was 20.7 mmollL before exposure to nitrogen gas and slowly increased to �22 mmol/L after 2 h of oxygen deprivation. On the other hand, the levels of O2 and CO2 tension in the medium were 142.3 and 37.8 mm Hg, respectively, and moved immediately after the gas change to 58.0 and 23.5 mm Hg. The value for O2 decreased rapidly to �40 mm Hg after 1 h of oxygen deprivation and remained around this level. The CO2 values slowly increased to � 70 mm Hg several hours after oxygen deprivation. It can be speculated that the slight de crease in pH and the increases in concentration of HC03 -and CO2 tension were induced by produc tion of CO2 by the exchange of residual O2 gas in the Tedlar bag caused by the action of Anaeropack. The sharp reduction of O2 tension in the medium and prolonged maintenance of the reduced level may produce a powerful hypoxic state. Figure IB shows the effect of the in vitro hypoxia on survival of the cultured hippocampal neurons. Cell survival rate was markedly decreased by pro longed exposure to oxygen deprivation, suggesting that the cell survival rate is dependent on the dura tion of oxygen deprivation. Immunohistochemical staining of E20 and P4 hippocampal cells with anti--'ifl. MAP2 and anti-GF AP antibodies was performed af ter the culture (data not shown). The MAP2-positive neurons in both E20 and P4 cultures were significantly decreased after 12 h of the oxygen deprived state. No GFAP-positive cells were ob served in the case of E20 culture, but the glial cells of P4 culture were regularly observed and were de creased by oxygen deprivation.
Effect of bFGF on cell survival in in vitro hypoxia model
In cultured hippocampal cells from E 17, E20, and P4 rats, the survival rates after 12-h oxygen deprived culture were 72. 5, 66.6, and 55.1%, re spectively. Cultured P4 rat hippocampal cells showed slightly less tolerance for 12-h hypoxia than those of E17 and E20 rats. As shown in Fig. 2 , bFGF prevented cell death in cultured hippocampal neurons from E17, E20, and P4 rats under in vitro hypoxia. bFGF had a modest and dose-dependent survival effect on in vitro hypoxia-induced cell death. Furthermore, especially in the case of P4 rats, neurons treated with bFGF and exposed to 12 h of hypoxia were morphologically changed to a spindle shape (data not shown). Nerve growth fac tor had no protective effect against neuronal cell death caused by in vitro hypoxia.
DISCUSSION
In this in vitro hypoxia model, the oxygen pres sure in the medium finally reaches �40 mm Hg, not complete deprivation, and the medium contains a sufficient amount of glucose, which serves as the source of ATP, probably via anaerobic and aerobic pathways. Consequently, it is suggested that it takes a relatively long time to kill cultured cells, bFGF (ng/ml) c unlike the situation in in vivo ischemia. The sur vival of the hippocampal neurons from P4 rats ap pears to be the lowest among all three ages of rats (EI7, E20, and P4). It is speculated that the sensi tivity of the cultured hippocampal neurons to hyp oxia may be, to some extent, higher in postnatal than in embryonic rats. bFGF has various effects on cells in neuronal de velopment, differentiation, and impairment in the brain. For example, it is known to be a potent mi togen, to increase neuronal growth and survival in vitro, and to exist in the brain in quantity with its receptors in vivo (Imamura et aI., 1988) . In this ex periment, survival of cultured hippocampal neurons not exposed to hypoxia and in the presence of 10 ng/ml of bFGF under the normal oxygen supply was enhanced in the three groups of different ages. Re cent studies have shown that bFGF increases the survival of the degenerating thalamus (Yamada et aI. , 1991) and its immunoreactivity in rat brain is increased (Kiyota et aI., 1991) after in vivo isch emia. In addition to the in vivo effect of bFGF, we demonstrated here that bFGF increases the survival of hippocampal neurons and also septal and neocor tical neurons (data not shown) under in vitro hyp oxia. This survival effect of bFGF, moreover, oc curred in cultured hippocampal cells of not only E17 and E20 but also P4 rat brains.
bFGF also has a survival effect on cultured neu rons in a normal oxygen atmosphere, so that it is necessary to determine whether its effect is a result of the survival in a normal atmosphere. As shown in Fig. 2 , the two survival curves, hypoxia exposed and unexposed, have a modest difference, suggest ing that bFGF protects cultured hippocampal neu rons from in vitro hypoxia. In addition to this pro- 10 100 300 counted as described in Methods. The cell survival rates against the hypoxia procedure for the cultures from E17, E20, and P4 rats without bFGF were 72.5 ± 3.9, 66.6 ± 4.1, and 55.1 ± 5.1 %, respectively.
The indicated amounts of bFGF were added just before 12-h exposure to hypoxia. For the unexposed cells (0; con trol), cell survival for each dose of bFGF was compared with that of the untreated cells. Each value is presented as a per centage. For the hypoxia-exposed cells (e; 12-h hypoxia), cell survival for each dose of bFGF was compared with that of the untreated cells. Data are expressed as means ± SD (n = 5).
tective effect by bFGF against hypoxia, the results show that bFGF also has a survival effect on neu ronal cells cultured in a high-oxygen atmosphere (Enokido et ai., 1992) . In both cases, bFGF could rescue neuronal cells from death caused by a disor der of intracellular oxygen metabolism.
The mechanism of the survival effect of bFGF on cultured neurons in in vitro hypoxia remains un known. Recently, bFGF has been shown to reduce the glutamate-induced increases in intracellular cal cium levels of cultured hippocampal neurons and to decrease neuronal death (Mattson et a!., 1989) . Many studies have indicated that ischemia or hyp oxia increases intracellular calcium levels in neu rons (Dienel, 1984; Simon et a!., 1984; Deshande et ai., 1987) . These findings suggest that bFGF medi ates the survival of neurons in hypoxia via inhibi tion of an increase in the intracellular calcium level. In the present study, the neurons had been cultured for 5-6 days. In such a short-term culture, gluta mate receptors are not fully expressed (Choi et aI., 1987) . Thus, there appears to be no significant re lationship between glutamate receptors and cell death following in vitro hypoxia. It is speculated that long-term deprivation of oxygen to cellular aer obic pathways induces this neuronal cell death.
